ABSTRACT
INTRODUCTION
Thermoelectric (TE) systems become as energy harvesting, which can recover the wasted heat energy and converted into useful electricity . Skutterudite materials system is considered a promising candidate for thermoelectric application. However, the basic binary skutterudite CoSb 3 structure is undesirable as a thermoelectric material due to its very low electrical conductivity and very high thermal conductivity (Il-Ho et al. 2010) . For example, in 2001, Kawaharada et al. studied the CoSb 3 skutterudite which was prepared by arc melting followed by the sintering method. The result of thermal conductivity was very high about 7 W/mK at room temperature, mainly due to phonon conduction at low temperature. The maximum figure of merit, ZT for this formulation was 0.051 at 723 K. Zhang et al. (2004) studied the preparation process of CoSb 3 compounds through mechanical alloying and spark plasma sintering methods. The thermal conductivity achieved was in the range of (3 to 8 W/mK) at room temperature, whilst attaining a maximum figure of merit of 0.095 at 673 K. From the results obtained, we confirm that, the basic binary skutterudite CoSb 3 materials are not favorable for thermoelectric applications.
On the other hand, recent formulations of filledskutterudite thermoelectric materials have the advantage that they generally possess low lattice thermal conductivity, due to the filling of the skutterudite 'cages' with 'rattler' atoms (Takizawa et al. 1999; Tritt et al. 1996) . Several studies have been carried out on doped/filled-skutterudite materials and illustrated that, the filler atoms have advantage of reducing the lattice thermal conductivity and electrical resistivity as well. This contributes to enhance the overall performance of TE materials (Elsheikh et al. 2017 (Elsheikh et al. , 2016 Truong et al. 2014 In addition, Ni-doping has a potential to enhance the thermoelectric performance of skutterudite materials by the substitution of the Co site. In this work, we study the substitution of the transition metal of Ni on the Co site for the Yb 0.25 Co 4 Sb 12 skutterudite system. Ni-doping is expected to improve the electrical conductivity, which is expected to enhance the power factor and moderate increase of ZT.
EXPERIMENTAL METHODS

MATERIALS PREPARATION
The starting elements powder with high purity; Co (99.8%, 1.6 μm), Sb (99.5%, 200 mesh), Yb (99.9%, 200 mesh) and Ni (99.999%, 200 mesh) were purchased from Alfa Aesar. The stoichiometric materials where loaded into Zirconia Jar (50 mL) with Zirconia balls (5 mm in diameter) and the weight ratio of balls to powders were 20:1. The jar was placed into a ball mill (GOKIN Ltd., PLANET) were discussed in detail elsewhere . The samples were cut and polished for measurement of the thermoelectric properties.
STRUCTURAL CHARACTERIZATION ANALYSIS
X-ray diffraction (XRD) measurements were carried out for compact samples, using X-ray diffraction (Bruker AXS D8 Advance) system, The diffraction patterns were obtained with Cu k α radiation (λ = 1.5406 Å) and generator settings (40 kV and 40 mA) with a step size of 0.020406° and scan speed of 1 s per step. XRD was used to identify the phases and estimate the corresponding lattice parameters. The microstructure characterizations of compacted specimens were obtained by using FEI Helios 450HP dual beam with energy-dispersive X-ray spectroscopy (EDS).
THERMOELECTRIC PROPERTIES MEASUREMENTS
The electrical resistivity and the Seebeck coefficient were measured simultaneously with a commercial testing instrument (ZEM-3-Ulvac-Riko) in He atmosphere by a standard four-probe direct current technique. Thermal diffusivity, D, and specific heat, C p were measured by using a laser flash technique on TC-7000H (Ulvac-Riko) apparatus, then the thermal conductivity was estimated from the equation k = D × C p × d, where d is the density of sample. The density (d) of the sintered materials was measured by using Archimedes method. All the TE properties measurements were performed from room temperature to 800 K, the dimensionless figure of merit, ZT, was then evaluated.
RESULTS AND DISCUSSION Figure 1 shows the XRD patterns of Yb 0.25 Co 4 Sb 12 bulk samples with different Ni-additions at room temperature. The result found that, the main phase of skutterudite CoSb 3 (PDF 03-065-1791) structure (space group Im-3) was observed, with minor amount of secondary phases such as; CoSb 2 (PDF 03-065-4102) and Ni (PDF 00-001-1258) have been detected in all doped samples. However, Yb 0.25 Co 4 Sb 12 bulk sample shows only a single phase of skutterudite structure mainly due to the limited of Yb-filler in the void (0.2 ≤ x ≤ 0.3) according to Park et al. (2014) . Moreover, the Rietveld refinement analysis of XRD pattern implemented for all bulk samples, the structure showed in Figure 2 . Table 1 shows the results of the refinement including nominal compositions, actual compositions, lattice parameters and density of Yb 0.25 Co 4-x Ni x Sb 12 (0 ≤ x ≤ 0.5) SPSed samples. Furthermore, the lattice parameters were found to decrease after the Ni-doping. The shrinking of the lattice parameters indicated that the Ni-atoms were substituted the Co-atoms, this was observed to occur due to the smaller atomic radius of Ni as compared to Co.
Figures (3(a)-5(a)) display SEM micrographs of different Ni-additions into Yb 0.25 Co 4 Sb 12 bulk samples. It can be seen that, the microstructures clearly showed the dominated phase of skutterudite structure, with slight amount of CoSb 2 has been observed as secondary phase were present in all SPSed samples. The elemental mapping shows agglomeration of Yb-rich in some regions, which is presented as white grains for most samples. Figure 3 (e). FIGURE 3. The SEM-EDS images of Yb 0.25 Co 3.9 Ni 0.1 Sb 12 ; (a) micrograph and (b-e) the elemental mapping of bulk sample more carriers are generated with increasing temperature. Yb 0.25 Co 3.5 Ni 0.5 Sb 12 sample showed the lowest electrical resistivity of 14.6 μΩm at 785 K, which is lower than Ni-free sample of 36.1 μΩm at same temperature. This is mainly due to the excess electrons supplied by Ni-doping and also due to increasing the carrier concentrations. In comparison of another research study, where obtained electrical resistivity of 40 μΩm for La 0.4 Co 3.6 Ni 0.4 Sb 12 sample at room temperature, which is higher than the present result. Thus, Ni-substitution of Yb-filled skutterudite improved the electrical resistivity of Co 4 Sb 12 bulk sample.
The temperature dependences of Seebeck coefficient of Yb 0.25 Co 4-x Ni x Sb 12 balk samples are shown in Figure 7 .
The absolute Seebeck coefficient values improved with increasing Ni-doped content and temperature. The highest absolute Seebeck coefficient value reached 223 μV/K at 592 K for Yb 0.25 Co 3.7 Ni 0.3 Sb 12 sample, which is higher than undoped Yb 0.25 Co 4 Sb 12 sample of 153 μV/K at same temperature. This is mainly due to the electrons supplied by Ni-substitution. The present result is systematically higher when compared with the previous reports, where Yang et al. (2006) -3 W/mK 2 at 592 K, this is due to the increase in Seebeck coefficient which is higher at x = 0.3 than decreasing the electrical resistivity. In comparison, this result is much higher than that of Ni-free sample of 0.40 × 10 -3 W/mK 2 at same temperature and slightly higher compared to Park et al. (2012) 
